In this study, a computerized method for detection of pulmonary embolism in spiral CT angiography was developed. The method is based on segmentation of pulmonary vessels to limit the search space for thrombi. Several three-dimensional image features such as local contrast, seco nd derivatives, and distance to the vessel wall were employed for detection of thrombi and for elimination of false positives. Volume rendering was applied for display of detection results. Preliminary results based on several clinical data show the potential of our method.
INTRODUCTION
Pulmonary embolism is often reported as being difficult to diagnose for radiologists. In spiral CT angiography (CTA), more than 50 axial images must be viewed per case for detection of thrombi in pulmonary arteries. Multi-planar reconstruction (MPR) is also employed for viewing of vessels in oblique sections, and consequently increases the number of images to be viewed. In addition, it is often difficult to distinguish thrombi from false positives without knowledge about the throracic vascular system and adjacent anatomical structures. Thrombi are generally recognized as dark regions within enhanced pulmonary arteries in CTA, as shown in Fig. 1 . False positives with CT values similar to those of thrombi are mainly soft tissues such as lymphoid tissues adjacent to pulmonary arteries, streak artifacts radiating from the superior vena cava, and partial volumes at vascular bifurcation 1 . It is not easy to visualize thrombi inside vascular structures by three-dimensional (3D) visualization techniques such as volume rendering 2 without use of a volume-of-interest (VOI) such as a thin-slab 3 . Beyond such visualization, computer-aided diagnosis/detection (CAD) based on quantitative image analysis is one of the most important and active fields, and is expected to solve these diagnostic problems 4 . In this study, we aimed at development of a computerized method for detection of pulmonary embolism in spiral CTA by using 3D image analysis techniques.
MATERIALS AND METHODS

Volume Data Acquisition in Spiral CT Angiography
Six examples were selected from fifteen clinical cases in our database of spiral CTA. The acquisition parameters for the spiral CTA examinations are 3.0 mm collimation, 1.7 pitch, a 1.5 mm reconstruction interval, and a 2 -3 cc/sec injection rate of contrast agent. The volume data sets in matrices of 512 x 512 x 60 -70 were interpolated with a linear method in the ratios of 2.0 -3.0 to yield isotropic voxel dimensions. For evaluation of the subsequent detection results of our method, an experienced radiologist marked the locations of thrombi to define the so-called "gold standard" of detection.
A Segmentation-bas ed Approach to Detection of Pulmonary Embolism in Spiral CT Angiography
Because thrombi of pulmonary embolism exist only inside the pulmonary arteries, an efficient search is expected if the pulmonary arteries are segmented to limit the search space in advance. Our approach to the detection of pulmonary embolism is, therefore, based on segmentation of pulmonary vessels.
2.2.1
Segmentation of pulmonary vessels
We segmented not only pulmonary arteries, but also other connected vascular systems such as the pulmonary veins, aorta, and the ventricles and atria of the heart, which are opacified as well as are the pulmonary arteries. The vascular system including the pulmonary arteries was segmented by an anatomy -oriented approach using 3D image analysis techniques 5 . In this approach, several surrounding structures are also segmented sequentially in the order of large to small (or outside to inside). The major advantage of this sequential segmentation is that the processing space can be limited to avoid adjacent structures that should not be included. First, the body surface is segmented by means of thresholding, and the segmented shape is smoothed by closing and opening operations of mathematical morphology 6 in 3D. Next, the lung is segmented with the techniques used for body segmentation. Then, the major structures of the thoracic vascular system are segmented by hysteresis thresholding 7 and connected component analysis (labeling). After hysteresis thresholding, several connected components remain as candidates for the major structures of thoracic vascular system. Attributes of the connected component analysis are, therefore, examined and the target component is selected based on geometric attributes such as volume and location. Finally, with the selected component of major structures used as a seed, region-growing is performed only inside the lung. Several segmentation parameters such as thresholds are determined adaptively and automatically, based on the local histogram analyses inside the body. After the final region-growing, a closing operation is applied to fill small defects of thrombi in the segmented vascular shape.
Detection of thrombi by use of three-dimensional features
The CT values of thrombi are lower than those of the surrounding opacified regions of vessels, as shown in Fig. 1 . On the other hand, the CT values of opacified vessels are not uniform inside the segmented vascular volume. We employed two feature values related to the segmented vascular shape, namely, distances to the vessel wall and local vascular size. The distance to the vessel wall was determined by the distance transform of the segmented vascular shapes. The local vascular size was determined by a size estimation method based on the opening operation of mathematical morphology 6 . Figure 2 a) and b) show the relationship between CT values and these feature values of voxels. As shown in Fig. 2 a) , the voxels close to the vessel wall have lower CT values than do those of the distant voxels. This is mainly based on the partial volume effect around the vessel wall. In addition, the CT values of voxels depend also on the vascular size as shown in Fig. 2 b) . For such local variation of CT values inside segmented vessels, we defined the local contrast as an attribute of each voxel. The local contrast is determined in two processes. One is a filtering of the original volume by grayscale closing only inside the segmented vascular shape. The other is a subtraction of the original volume from the filtered volume. The grayscale closing operation removes dark structures smaller than the kernel employed, and the subtraction of original volume from the filtered volume extracts only the small dark structures. The voxel value in the subtraction volume was defined as the local contrast at the location, that is, the local contrast C L of a voxel v is defined as (1) where V(v) denotes the original CT value of voxel v, and V 0 (v) is the CT value of a voxel v after filtering of the greyscale opening inside the segmented vascular shape. A spherical kernel (8 voxels in radius) was used for the opening operation in this study. Figure 3 shows the relationships between the original CT values and local contrast values of the voxels of three types: voxels in thrombi defined by radiologist, those of the vessel wall (3 voxels in thickness), and those in the remaining vascular volume. Generally, the CT values of thrombi are lower than those of opacified vessels, and the local contrast values of the thrombi are higher than those of the vessels. The voxels of the vessel wall are distributed in a broad range overlapping the distributions of thrombi and opacified vessels. Thus, removal of voxels around the vessel wall is indispensable for distinguishing between the two distributions of thrombi and opacified vessels.
As an additional shape feature, we employed the second derivatives of the 3D function of volume data. Because thrombi are formed in the deep veins, they often have a curvilinear structure. Second derivatives are widely used for enhancement of curvilinear structures in 2D and 3D medical images 8 . We performed a multi-scale analysis to determine the second derivatives of voxels included in thrombi of various sizes. A feature value, the degree-of-curvilinearity of thrombi, was defined for each voxel. First, second derivatives are computed in multi-scale and in the three orthogonal directions which include the direction of the maximum second-derivative value. These values are calculated as eigenvalues of the Hessian matrix of the 3D image fucntion as a volume data set. Because the structures of thrombi have intensities lower than those of the background level of the enhanced vessels, the values of the second derivatives are basically positive in the direction perpendicular to the axis of the curvilinear structure. Our multi-scale definition of the degree-of-curvilinearity of thrombi D cl (v, σ) is as follows:
where sD cl (v, σ) denotes a degree-of-curvilinearity of a vox el v in a single scale σ and dσ is a scale pitch. The single-scale degree-of-curvilinearity sD cl (v, σ) is defined as (3) where λ 2 (σ) and λ 3 (σ) are the re-ordered values (λ 1 >λ 2 >λ 3 ) of the second derivatives at voxel v in three directions. In this study, we performed a multi-scale analysis with scales σ = 1.0 to 8.0 and a scale pitch dσ = 1.0. Basically, the difference between λ 2 (σ) and λ 3 (σ) was defined as the degree-of-curvilinearity so that the value would be low in case the structure is sheet-like. If the second derivatives have negative values, the voxel has an intensity value higher than the background. In such cases, the degree-of-curvilinearity of thrombi is set to be zero.
On the basis of the above features, the detection of thrombi was carried out in two steps. First, candidate voxels are selected by use of two features of each voxel: distance to vessel wall (laeger than 3 voxels) and original CT value (between -200 HU and 100 HU). In addition, the voxels inside the ellipsoidal area around the distribution center of opacified vessels in the 2D plot shown in Fig. 3 were removed from the candidates of thrombi. The ellipsoid was approximated from the entire vascular distribution including thrombi except for the vessel wall voxels. After selection of the candidate voxels, they were converted into groups based on 26-neighbour connectivity. The candidates of thrombi were finally determined based on attributes of the voxel groups, which were the volume (150~2500 mm 3 ) of the grouped voxe ls and the maximum degree-of-
in the voxel group.
RESULTS
Segmentation of pulmonary vessels was successfully performed including the major vascular system in the chest such as the aorta in each case. The percentages of the segmented volume relative to the entire volume were about 3 -5 percent. Figure 4 shows an example of the detection result visualized by volume rendering. The white arrows point to the thrombi defined by the radiologist and those detected correctly by our method. The white circles show the locations of the false positives by the computerized method. In this case, all the thrombi including a large saddle thrombus were detected, although the large thrombus was detected as disconnected pieces. The false positives were seen in the right ventricle and in the pulmonary vein and at the location of lymphoid tissue. A part of the large saddle thrombus in the right upper lobe was not detected (false negative), because it was a nearly complete embolus and local contrast values were, consequently, low. In the other cases, several false positives were seen at the right main branch of the pulmonary artery because of streak artifacts and those in the heart and the pulmonary veins.
DISCUSSION AND CONCLUSION
In our segmentation-based approach to detection of pulmonary embolism, the search space was reduced to five percent of the entire volume data to make the detection process more efficient. In addition to the efficiency, the segmented shape of the pulmonary vessels contributed to the acquisition of the important features of voxels, which are distance to the vessel wall and local contrast. Moreover, the segmented vascular shape provides guidance to the determination of view parameters for virtual endoscopy 10 (or angioscopy for blood vessels), which provides a superior visualization inside a vascular structure and contributes to the diagnosis of pulmonary embolism.
In our results, the false positives by 3D image analyses were similar to radiologists' false positives. The false positives in the heart and pulmonary veins may be removed by use of anatomical information based on additional segmentation. On the other hand, the false negatives occured mainly with complete embolization at relatively high CT values, which m ay be reduced by comparison with other vessels at the same level based on bifurcation structure analysis 10 .
Our segmentation-based approach to computerized detection of pulmonary embolism, including 3D image feature analyses, showed potentials for automated detection. Additional information on anatomy and structure is likely to provide further improvements in performance. 
